ABSTRACT Surveys of nucleotide diversity in the wild ancestor of maize, Zea mays ssp. parviglumis, have revealed genomewide departures from the standard neutral equilibrium (NE) model. Here we investigate the degree to which population structure may account for the excess of rare polymorphisms frequently observed in species-wide samples. On the basis of sequence data from five nuclear and two chloroplast loci, we found significant population genetic structure among seven subpopulations from two geographic regions. Comparisons of estimates of population genetic parameters from species-wide samples and subpopulation-specific samples showed that population genetic subdivision influenced observed patterns of nucleotide polymorphism. In particular, Tajima's D was significantly higher (closer to zero) in subpopulation-specific samples relative to species-wide samples, and therefore more closely corresponded to NE expectations. In spite of these overall patterns, the extent to which levels and patterns of polymorphism within subpopulations differed from species-wide samples and NE expectations depended strongly on the geographic region ( Jalisco vs. Balsas) from which subpopulations were sampled. This may be due to the demographic history of subpopulations in those regions. Overall, these results suggest that explicitly accounting for population structure may be important for studies examining the genetic basis of ecologically and agronomically important traits as well as for identifying loci that have been the targets of selection.
M
OLECULAR population genetic approaches have been used increasingly to identify genes that have experienced adaptive evolution (e.g., Ford 2002; Voight et al. 2006) . In a few model systems (e.g., Drosophila, humans, Arabidopsis, and maize), putative targets of selection have been identified as loci with extreme values of population genetic parameters relative to distributions of these statistics derived from a large number of loci (e.g., Parsch et al. 2001; Yamasaki et al. 2005; Toomajian et al. 2006) . This approach does not require researchers to assume an explicit model of a population's demographic history. An alternative approach for identifying genes that have been subject to selection is to use likelihood to evaluate the fit of data to models that include specific demographic histories (e.g., Wall et al. 2002; Tenaillon et al. 2004; . For most studies and for most study species, however, inferences of non-neutral evolution have been made by comparing the properties of a sample of DNA sequences to that expected under the standard neutral equilibrium (NE) model. Because many species have complex demographic histories, central assumptions of the NE model-random mating and constant population size-are likely violated, leading to potentially unreliable inferences of nonneutral evolution (Andolfatto and Przeworski 2000; Akey et al. 2002) even when empirically derived distributions of statistics have been employed (Teshima et al. 2006) . Violations of NE assumptions appear to be particularly common in plant species due to population subdivision, metapopulation dynamics, and shifts in patterns of geographic distribution (Innan and Stephan 2000; Wright et al. 2003; Nordborg et al. 2005; Schmid et al. 2005) . Nevertheless, the effects of population subdivision on patterns of intraspecific nucleotide diversity remain unclear because most surveys of nucleotide diversity in plant species have used species-wide samples, in which one or a few individuals are selected from multiple geographically isolated populations (hereafter referred to as subpopulations) (reviewed in Wright and Gaut 2004) .
Geographically structured subpopulations are expected to diverge as a result of neutral evolutionary processes as long as the effective number of migrants per generation is less than one (Wright 1951; Nagylaki 1980; Charlesworth et al. 2003) . Theoretical studies indicate that population structure can also affect patterns of sequence variation. For example, population structure may produce excess linkage disequilibrium (LD) (Li and Nei 1974; Ohta 1982) and skew the frequency spectrum of polymorphism such that there is an excess of rare variants (Tajima 1989) . These consequences of subdivision can mimic the effects of positive selection and therefore confound inferences about the role of adaptation in shaping nucleotide variation.
Population structure can also affect inferences about the evolutionary history of genes that have been shaped by natural selection (Charlesworth et al. 1997) . When subpopulations are locally adapted to different environmental conditions, the signature of positive selection on ecologically important genes may differ among subpopulations. A sample of sequences taken from across these subpopulations with different evolutionary histories (as in species-wide samples) can produce patterns of nucleotide variation consistent with expectations under balancing selection, rather than under the positive selection that drove evolution (Nordborg and Innan 2003) .
Sampling individuals from a single geographically distinct subpopulation can be problematic for different reasons. Wakeley and Aliacar (2001) have shown that the frequency distribution of polymorphism in samples drawn from a single subpopulation can be strongly affected by immigration and population extinction/ recolonization. In particular, immigration from differentiated subpopulations and metapopulation dynamics can result in a pattern of diversity similar to that expected following an episode of strong selection in a panmictic stable population (see also Wright and Gaut 2004) . Therefore, accurate inferences about whether and how natural selection has shaped sequence variation depend critically on an understanding of the extent and pattern of population structure.
Zea mays ssp. parviglumis (hereafter parviglumis), the closest wild relative of the domesticate, maize (Zea mays ssp. mays), is an important model for investigating the molecular population genetics of natural plant populations. The close relationship of parviglumis to maize has allowed for a wealth of sequence, genomic, and functional information to be applied to this nondomesticated taxon. parviglumis has also been a focus of attention because knowledge of the genomic diversity in parviglumis is needed to identify genes that were targets of artificial selection and to understand the demographic consequences of domestication (Doebley et al. 1997; Wang et al. 1999; Doebley 2004; . Multiple surveys of nucleotide variation in parviglumis (reviewed in Wright and Gaut 2005) , including a survey of 774 loci , have revealed that the majority of loci have negative values of Tajima's D, indicative of a genomewide excess of rare variants relative to NE expectations. As with most molecular population genetic studies in plants, these surveys have relied on species-wide samples drawn from multiple geographically distinct subpopulations. Therefore, population structure may be the reason for, or contribute to, the apparent excess of rare polymorphisms. It is also possible that there is little population structure within parviglumis and that the excess of rare variants is due to only recent population size changes.
Assessing the extent of population structure in parviglumis is important both for determining the forces that shape diversity within species and for correctly inferring the effects of domestication on genomic diversity. For example, if diversity in parviglumis is highly structured among subpopulations, sampling individuals from across the species' range may overestimate diversity in the progenitor population of parviglumis, leading to an overestimate of the strength of the genetic bottleneck associated with maize domestication Tenaillon et al. 2004) . Similarly, allele frequencies in species-wide samples may not reflect allele frequencies within subpopulations, complicating the identification of targets of selection through the use of genome scans (Teshima et al. 2006) . These potential problems would be particularly pronounced if maize were domesticated from one or a few genetically distinct subpopulations. The phylogenetic relationships among parviglumis subpopulations have been investigated using microsatellite diversity (Fukunaga et al. 2005) , but the effects of population structure on levels and patterns of nucleotide diversity in parviglumis have not been previously characterized.
In this study, we analyzed sequence variation within and among seven subpopulations of parviglumis at five nuclear and two chloroplast loci. First, we present evidence for significant genetic structure among parviglumis subpopulations and describe patterns of gene flow among subpopulations. Second, we show that specieswide samples lead to estimates of population genetic parameters (p, u, and Tajima's D) that are biased relative to NE expectations, consistent with previous studies. Third, through comparison of population genetic parameters estimated from subpopulation-specific samples vs. species-wide samples, we show that the genomewide excess of rare variants found in species-wide samples may be caused, in part, by population structure. Finally, we show that the consequences of subpopulation-specific sampling for estimation of population genetic parameters depends on the geographic region from which samples are taken, most likely due to different demographic histories.
MATERIALS AND METHODS
Population sampling: We sampled DNA sequences from seven subpopulations of the outcrossing annual Zea mays L. ssp. parviglumis Iltis and Doebley (supplemental Table 1 at http:/ /www.genetics.org/supplemental/). We grew between 6 and 18 individuals from each population (84 total) with each individual from seed collected from separate maternal plants in natural populations. Seeds were collected in 2001 by Peter Tiffin, Jesus Sanchez (Universidad de Guadalajara), and Nicholas Lauter (University of Illinois). DNA was extracted from leaf material using DNeasy plant kits (QIAGEN, Valencia, CA). Four populations were from the Mexican state of Jalisco, the westernmost section of the species' range, and three populations were from the Balsas River region of the Mexican states of Mexico and Michoacán (Figure 1 ; supplemental Table  1 at http:/ /www.genetics.org/supplemental/). These regions comprise two geographically distinct portions of the species' range and correspond with the two races of parviglumis distinguished by Wilkes (1967) .
Five nuclear and two chloroplast loci, .6500 bases, were PCR amplified and sequenced from each of the 84 DNA samples (supplemental Table 2 at http:/ /www.genetics.org/ supplemental/). Three of the nuclear loci include coding regions (adh1 and glb1, chromosome 1; waxy, chromosome 9) and have been the subject of previous surveys of nucleotide diversity in smaller, species-wide samples of parviglumis (EyreWalker et al. 1998; Hilton and Gaut 1998; Zhang et al. 2002) , and two of the loci are noncoding anonymous markers in maize: asg65 (Asgrow Seed maize clone, chromosome 2) and bnl7 (Brookhaven National Lab maize clone, core bin marker 7.06, probe p-umc168, chromosome 7). The two chloroplast loci (trnT-L, trnL-F) are intergenic spacers (Taberlet et al. 1991) . Because teosinte is highly outcrossing, purified PCR products from nuclear genes were cloned into pGEM-T vectors (Promega, Madison, WI) and transformed into competent Escherichia coli cells. Plasmids were purified using a Qiaprep 8 Miniprep kit (QIAGEN). For each individual, one cloned DNA fragment was sequenced. To correct for Taq polymerase errors in cloned fragments, we identified individuals in the alignments that contained singletons and resequenced fragments from these individuals either directly from PCR products or by sequencing four or more clones from a second PCR. Sequences were assembled and aligned manually in BioEdit 7.0.4.1 (Hall 1999) .
Population structure and patterns of migration: We tested for evidence of population subdivision using an analysis of molecular variance (AMOVA; Excoffier et al. 1992) where sequence variation was hierarchically partitioned between the two geographic regions ( Jalisco and Balsas; Figure 1 ), among subpopulations within regions, and among individuals within subpopulations. We also tested for genetic differentiation between pairs of populations using F ST (ARLEQUIN; Schneider et al. 2000) and S nn (Hudson 2000) . Statistical significance of covariance components (and F-statistics) from AMOVAs and pairwise F ST 's was determined on the basis of the distribution of values obtained from 10,000 permutations of the data under panmixis. The statistical significance of pairwise S nn values was determined by permuting the data 1000 times in DnaSP v 4.0.
Although F ST is theorectially related to migration rates, estimating migration from F ST is problematic because of biologically unrealistic assumptions, including equal population sizes and symmetric migration among populations (Whitlock and McCauley 1999) . Examining pairwise F ST 's can also lead to unreliable inferences about patterns of migration because of interdependence among multiple populations (Fu et al. 2003) . To avoid these problems, we estimated migration rates using the Bayesian version of LAMARC 2.02 (Kuhner et al. 2005) , which accounts for the genealogical relationships among alleles and allows for asymmetrical migration between subpopulations, unequal population sizes, and population size changes (Beerli and Felsenstein 1999) . The Bayesian approach may provide better estimates of parameters for sparse data sets, where the maximum-likelihood approach commonly fails to converge (Beerli 2006) . We obtained asymmetric estimates of migration rates (effective number of migrants per generation) between populations (g ¼ 4N e m i ) from the product of M i ¼ m i /m and u i ¼ 4N e m on the basis of all five nuclear genes. We also simultaneously examined demographic history by obtaining estimates of the exponential population growth rate parameter, g ½where u t ¼ u present exp(Àgt) , for each subpopulation. Default priors were used for recombination and migration; we adjusted priors for u by specifying a linear density and a lower and upper limit of 0.001 and 0.1; these values encompass the range of estimates from previous studies of these genes in Zea, as well as estimates from this study.
We conducted two runs of LAMARC, each with one 1500-sample initial chain and one 100,000-sample final chain. The analysis was conducted with replication of chains and adaptive heating (Metropolis-coupled Markov chain Monte Carlo), where chains are repeated using different initial genealogies and where each chain is split into multiple searches, allowing for better sampling of parameter space. The results of different runs of LAMARC were very similar and therefore we present one set of results.
Patterns of nucleotide polymorphism: We tested for the effects of population structure on patterns of nucleotide polymorphism by comparing estimates of population genetic parameters (p, u, and Tajima's D) from species-wide samples and subpopulation-specific samples. Species-wide surveys are typically conducted by sampling one to a few individuals from multiple geographically isolated populations or ecotypes rather than from many individuals per population, as in our data set. Therefore, to simulate a species-wide survey using our data set, we resampled our entire data set by drawing two individuals from each of the seven subpopulations and estimating population genetic parameters. The resulting set of 14 sequences provides an adequate sample size for obtaining accurate estimates of population genetic parameters (Pluzhnikov and Donnelly 1996) . This procedure was repeated for a total of 1000 iterations. Subpopulation-specific estimates of p, u, and Tajima's D were obtained directly from our data using DnaSP v.4.0 (Rozas et al. 2003) . To test whether species-wide and subpopulation-specific estimates of polymorphism differed from NE expectations, we compared our estimates of population genetic parameters to distributions obtained from coalescent simulations. Coalescent simulations were conducted using the standard Wright-Fisher neutral model, which assumes a large, panmictic population of constant size, and allowing for recombination. Simulations included 1000 replicates of 14 sequences drawn from our entire data set of sequences from seven populations (hereafter referred to as NE expectations). Our simulations were conditioned on empirical estimates of u and recombination (4Nc) obtained from our entire data set. The simulations were conducted using the program described in Tenaillon et al. (2004) , which is a modified version of the standard method described in Hudson (2002) .
Linkage disequilibrium: To examine the consequences of population structure for patterns of linkage disequilibrium, we obtained estimates of the population recombination rate (r), which is inversely proportional to linkage disequilibrium, for each subpopulation at each locus. Analyses were implemented in LDhat (http:/ /www.stats.ox.ac.uk/$mcvean/LDhat), which estimates r using the coalescent method of Hudson (2001) . Because the ability to detect recombination was influenced by levels of nucleotide diversity-i.e., population recombination rate estimates were positively related to levels of nucleotide diversity (F ¼ 22.3; P , 0.001; R 2 ¼ 0.40)-we scaled measures of r by u (see Haddrill et al. 2005) .
RESULTS
Population structure and patterns of migration: Hierarchical AMOVAs provided no evidence that sequence variation was partitioned between the two geographic regions; covariance component estimates were close to zero (often slightly negative) for all five nuclear loci (Table 1) . Despite a lack of regional structure, variation was significantly partitioned among subpopulations within geographic regions for all five loci, accounting for 6.0% (asg65) to 31.1% (waxy) of total variation. Individual subpopulations, however, harbored the majority of variation for each locus (74.2-91.5%).
Consistent with the results from AMOVAs, pairwise F ST 's revealed strong genetic differentiation within the Jalisco region, even among closely situated populations (F ST range: 0.0079-0.7024; mean: 0.2436; 25 of 30 estimates differed significantly from zero at P , 0.05), (supplemental Table 2 at http://www.genetics.org/ supplemental/). By contrast, there was little evidence of differentiation between populations within the Balsas region (F ST range: À0.0703-0.1642; mean: 0.0209; only 3 of 15 estimates differed significantly from zero). Genetic differentiation between geographic regions was intermediate between that found within the two regions (F ST range: À0.0316-0.6586; mean: 0.1531). While some between-region population pairs were significantly differentiated, populations A and G ( Jalisco) showed little or no differentiation from populations EG and Z (Balsas). The absence of differentiation between these population pairs appears to have contributed to the lack of regional structure indicated by AMOVAs. Patterns of population structure were largely consistent among the five loci, with adh1 and asg65 showing the weakest and waxy the strongest signal of population genetic subdivision (supplemental Table 2 at http://www.genetics. org/supplemental/). Analyses of population differentiation using S nn produced results similar to that from F ST (supplemental Table 3 at http://www.genetics.org/ supplemental/).
The coalescent-based analysis implemented in LAMARC suggested that migration between geographic regions was asymmetrical, with gene flow occurring principally from western Jalisco subpopulations (especially A and G) into the three eastern Balsas subpopulations. Rates of migration (4Nm) from population A or G to Balsas populations ranged from 3.6 to 10.6 and from 0.9 to 5.0 effective migrants/generation, respectively. Rates of migration from any Balsas population into any Jalisco population were generally much ,1.0 and not .2.3. Consistent with the amount of genetic differentiation measured by pairwise F ST and S nn (supplemental Tables  2 and 3 at http:/ /www.genetics.org/supplemental/), rates of migration were very high among populations within The percentage of total variance explained by each hierarchical grouping, including the probability of having a more extreme variance component and F-statistic than the observed values assessed by permutation tests.
b Fixation indices describing the correlation of haplotypes for each level of subdivision relative to a higher-level grouping: F ct , correlation within a region relative to the whole species; F sc , correlation within populations relative to the region; F st , correlation within populations relative to the whole species.
the Balsas region and low among populations within the Jalisco region (Figure 2) .
Despite limited sequence variation, the chloroplast loci provided evidence of population subdivision and some suggestion of regional differentiation. Sequences from three Jalisco subpopulations (G, S, and T) were identical and differed from two Balsas populations (SNT and Z) at one SNP (in trnL-F ) and a dinucleotide repeat motif (in trnT-L) (Figure 1 ). One subpopulation in each region, however, harbored haplotypes dominant in the other geographic region (A and EG). Jalisco subpopulation A was fixed for the trnT-L haplotype present in Balsas subpopulations SNT and Z and polymorphic for the trnL-F haplotype. Individuals from the Balsas population EG shared the trnL-F haplotype and five of six individuals shared the trnT-L haplotype with Jalisco populations (G, S, and T).
Population growth: The LAMARC analysis suggested that all three Balsas subpopulations along with Jalisco subpopulations A and G have expanded in size (Figure 3 ). Large and positive values of the exponential growth parameter, g ½where u t ¼ u present exp(Àgt) , indicate population expansion whereas negative values indicate population shrinkage; the scale of g is not symmetrical and thus relatively small positive values (g ¼ 10) may indicate little or no growth while small negative values (g ¼ À10) may indicate important population size declines (LAMARC documentation: http://evolution.gs.washington.edu/ lamarc/). For all Balsas subpopulations and Jalisco subpopulations A and G, 95% C.I.'s of the population growth parameter, g, were .100, indicating population growth ( Figure 3A) . For subpopulations S and T, 95% C.I.'s for g encompassed positive and negative values, providing no evidence for recent population size changes. We also tested for evidence of population growth using F s (Fu 1997) and R 2 (Ramos-Onsins and Rozas 2002). These analyses also suggested population growth in Balsas subpopulations but no strong support for growth in any Jalisco subpopulation (supplemental Table 4 at http://www.genetics.org/supplemental/).
Tests for deviations from NE expectations: We tested for deviations from NE expectations by comparing our empirical estimates of population genetic parameters (from species-wide and subpopulation-specific samples) to expected distributions obtained from coalescent simulations. Overall, both species-wide and subpopulation-specific samples had lower levels of diversity than NE expectations from coalescent simulations ( Table 2; supplemental Table 5 at http://www.genetics.org/supplemental/); however, only species-wide samples had consistently lower (more negative) Tajima's D values than coalescent distributions (Table 3; supplemental Table 6 at http:// www.genetics.org/supplemental/). The distributions of species-wide u and p, obtained from resampling the entire data set, had significantly lower means and variances than the distributions of these statistics obtained from coalescent simulations (NE expectations) ( Figure  4 ; supplemental Table 6 at http://www.genetics.org/ supplemental/). Subpopulation-specific estimates of u and p were highly variable but tended to be lower than NE expectations, particularly for Jalisco populations (u: 0-0.0302; p: 0-0.0235; Figure 4 ; Table 2 ). The difference between the empirical estimates and NE expectations suggests that nonequilibrium demographic processes or population structure have influenced levels of diversity.
Under mutation-drift equilibrium, both u and p estimate 4Nm, and Tajima's D is not expected to deviate significantly from zero. Similar to previous surveys of nucleotide diversity in parviglumis, estimates of D from our species-wide sample were consistently negative (D ¼ À1.568 to À0.213; Table 3 ) and the mean D value for the five genes (À0.984) was significantly less than zero (t ¼ 4.36; P ¼ 0.0121). Although none of the species-wide estimates deviated significantly from zero under the conservative assumption of no recombination, three of five values (for asg65, glb1, waxy) were less than the lower bound of the 95% C.I. obtained from our coalescent simulations conducted with recombination ( Figure 4 ; supplemental Table 6 at http://www.genetics.org/ supplemental/). These results indicate that species-wide samples contain an excess of rare variants relative to NE expectations. Subpopulation-specific estimates of Tajima's D varied widely and included both negative and positive values (D ¼ À1.989-1.567; Table 3 ). However, we did not observe a strong and consistent skew to D estimates as in species-wide samples. Of 19 D estimates from Jalisco subpopulations, 5 fell outside of the coalescent 95% C.I. (3 lower and 2 higher than expected) and 4 of 15 D estimates from Balsas subpopulations fell below the coalescent 95% C.I. (Figure 4 ; Table 3 ). Overall, subpopulation-specific estimates showed a less consistent deviation from NE expectations compared to species-wide samples.
Tests for differences between subpopulation-specific and species-wide samples: We tested whether the empirical sampling approach influenced estimates of Population-specific estimates shown in italics differed significantly from the resampled distribution using species-wide sampling. Asterisks denote values that differ significantly from the coalescent distributions (P , 0.05). For all significant differences, population-specific estimates were less than resampled and coalescent distributions. poplation genetic parameters by comparing each of our subpopulation-specific estimates to resampled distributions of species-wide samples. Overall, we found that estimates of nucleotide diversity from subpopulationspecific samples tended to be lower than species-wide samples, with 20 of 35 estimates falling below the 95% C.I.'s for species-wide samples ( Figure 4 ; Table 2 ). However, this difference was driven mainly by subpopulations from Jalisco; Balsas subpopulations have levels of nucleotide diversity similar to those of species-wide samples. Subpopulation-specific estimates of u fell below the 95% C.I.'s from species-wide resampled distributions for 15 of 20 estimates from Jalisco subpopulations but only for 5 of 15 estimates from Balsas subpopulations ( Figure  4 ; Table 2 ). When directly comparing estimates from the two regions, we found that the mean of the population estimates of u was significantly lower for Jalisco than Balsas populations for the two most variable loci, adh1 (Wilcoxon sign rank test; u: P ¼ 0.05; p: P , 0.05; n ¼ 7) and glb1 (u: P ¼ 0.05; p: P ¼ 0.05; n ¼ 7). The same trend was observed for u in the other three nuclear loci, but the differences between geographic regions were not significant. Levels of nucleotide variation measured using p showed similar patterns to those for u (Figure 4 ; Table 2 ).
The frequency spectrum of polymorphism, as measured by Tajima's D, tended to be higher (closer to zero) in subpopulation-specific estimates than that found in species-wide samples (mean D: subpopulation specific ¼ À0.37, species-wide ¼ À0.99), with 14 of 35 estimates falling outside of the 95% C.I.'s for species-wide samples ( Figure 4 , Table 3 ). As with estimates of diversity, we found that the frequency spectrum of individual Jalisco subpopulations often deviated from that of species-wide samples, whereas spectra from Balsas subpopulations closely resembled those from species-wide samples. Estimates of D from Jalisco populations ranged widely from À1.989 to 1.567 with a mean near zero (mean ¼ À0.09) with approximately half of the values less than zero and half greater than zero (Figure 4 ; Table 3 ). Of 19, 11 fell outside of the resampled 95% C.I., with approximately half of the significant values less than the lower bound and half greater than the upper bound. In contrast to Jalisco, estimates of D for Balsas subpopulations were strongly skewed to negative values (range: À1.32-0.05), with only 3 of 15 values falling below the resampled 95% C.I. A direct comparison of D values between the two geographic regions showed that the mean and variance in Tajima's D was greater for Jalisco than for Balsas subpopulations (Welch's ANOVA: F ¼ 6.433; P ¼ 0.017; Levene's test for unequal variance: F ¼ 4.476; P ¼ 0.042; n ¼ 7).
Linkage disequilibrium: We examined LD within subpopulations and in species-wide samples using estimates of the population recombination rate scaled by nucleotide diversity (r/u). Overall, subpopulationspecific estimates tended to exhibit higher LD (lower r/u) than species-wide samples across the five nuclear loci (supplemental Table 6 at http://www.genetics.org/ supplemental/). Despite this overall pattern, we found regional differences in subpopulation-specific estimates of LD. Figure 3B shows composite likelihood scores for r/u for each subpopulation along with the range of locus-specific estimates. Linkage disequilibrium was relatively high in Jalisco subpopulations, whereas Balsas subpopulations (especially SNT and Z) exhibited lower levels of LD, which were comparable to species-wide estimates ( Figure 3B ; supplemental Table 6 at http:// www.genetics.org/supplemental/). Although the range of values for Balsas subpopulations overlaps with those of Jalisco subpopulations, the composite maximumlikelihood estimates across the five loci are well above the range of values observed for all four Jalisco subpopulations. This pattern of population and regional variation in LD remains the same even when r is not scaled by u.
DISCUSSION
A basic assumption of most statistical tests in molecular population genetics is that sequences are randomly sampled from a panmictic population of constant size. Violating these assumptions can bias estimates of nucleotide diversity and lead to erroneous evidence for positive or balancing selection. Although it is well known that genetic variation in many plant species is structured among subpopulations and that the distribution and abundance of species has shifted repeatedly over time, the vast majority of surveys of sequence variation in plant species have relied on species-wide sampling strategies. In Zea mays ssp. parviglumis, species-wide sampling has revealed genomewide departures from a neutral equilibrium model, as manifest by an excess of uncommon polymorphic variants Tenaillon et al. 2004; Moeller and Tiffin 2005; . Similarly in this study, comparisons of resampled distributions of our entire data set to coalescent distributions indicated that species-wide samples strongly deviated from NE expectations. Our analyses of patterns of nucleotide polymorphism in a geographically explicit context suggest that the excess of uncommon polymorphisms in species-wide samples is due in part to population subdivision.
Population structure and patterns of migration: Both nuclear and chloroplast loci indicated that nucleotide polymorphism was structured among populations, but without clear geographic patterning. Although subpopulations were sampled from two disjunct regions, we found little evidence for differentiation between these regions. For nuclear loci, each of the subpopulations contained the majority of nuclear diversity ($80%) and the remainder was harbored among subpopulations within geographic regions. For chloroplast loci, population subdivision was strong, with haplotypes commonly fixed within populations, and there was some suggestion of differentiation between regions although not complete. This partitioning of sequence variation among subpopulations can have important effects on statistical tests of the NE model, even when the majority of polymorphism is harbored within populations. In particular, species-wide samples may often contain an excess of rare variants because multiple subpopulations each contain singleton polymorphisms (Hammer et al. 2003) . Thus, as an increasing number of subpopulations is pooled for analysis, the frequency spectrum of polymorphism is likely to show a greater skew away from NE expectations and make the identification of loci under selection increasingly difficult.
Beyond the partitioning of sequence variation among populations, the specific pattern of gene flow among subpopulations can influence levels and patterns of polymorphism found within subpopulations. Our coalescentbased analyses indicated that migration has occurred primarily from two western Jalisco populations (A and G) into eastern Balsas populations, but not the reverse. These results are surprising in light of evidence suggesting that Jalisco populations are derived from Balsas populations (Fukunaga et al. 2005) and that colonization of Jalisco may have occurred from refugia in the Balsas Valley following the most recent glacial maximum (Buckler et al. 2006) . It is important to note that inferences about migration from LAMARC are made under the assumption that migration structure has been stable and that populations have persisted for a long time period (Kuhner 2006) . Given that these assumptions may be unrealistic for parviglumis, it is possible that asymmetric migration estimates instead reflect shared ancestry (recent founding of populations A and G from Balsas populations) rather than asymmetrical patterns of gene flow.
Subpopulation-specific patterns of nucleotide polymorphism: To test whether genomewide departures from NE expectations found in species-wide samples may be due to population structure, we compared levels and patterns of polymorphism within individual subpopulations to those from species-wide samples. Overall, we found that subpopulation-specific estimates of u and p tended to be lower than those from species-wide samples. Moreover, frequency spectra of polymorphism from individual subpopulations were less likely to deviate from NE expectations. Specifically, the average of within-population Tajima's D values was greater (and closer to zero) than the mean of Tajima's D values estimated from our entire sample (mean within-population D ¼ À0.37; mean species-wide D ¼ À0.99); this difference was particularly evident for populations in the Jalisco region (mean D ¼ À0.09). In general, these results suggest that species-wide samples tend to underestimate Tajima's D and to overestimate diversity relative to estimates obtained from local subpopulations. Although subpopulation-specific samples tend not to collectively show consistent deviations from NE expectations, we found high variance among estimates, including strongly positive and negative values. This high variance is consistent with predictions from theoretical studies that have examined the influence of evolutionary and demographic processes on sequence variation within subpopulations (Wakeley and Aliacar 2001; Wright and Gaut 2005) .
Similar to the patterns that we identified in parviglumis, molecular population genetic studies in humans have suggested that sampling across multiple subpopulations influences estimates of the extent and pattern of nucleotide polymorphism. Specifically, studies of X-linked and autosomal loci that sampled a few individuals from a geographically diverse set of populations reported more negative values of Tajima's D compared to studies that sampled more intensively from a few populations (Ptak and Przeworski 2002) . For loci on the Y chromosome, Hammer et al. (2003) found a negative correlation between Tajima's D and the number of populations pooled for analysis. In both cases, the global sampling approach recovered more rare alleles present in only one or a few subpopulations. Thus, when nucleotide variation is structured among subpopulations, sampling strategy clearly influences the estimation of population genetic parameters and inferences about natural selection and demographic history. The inconsistency in sampling strategy among studies will also limit the ability of researchers to compare loci within genomes and examine patterns across genomes.
Regional variation in patterns of nucleotide polymorphism: Although sampling sequences from individual subpopulations tended to produce, on average, less consistent skew to the frequency spectrum of polymorphism, our data suggest that this result may depend upon the geographic region from which subpopulations were sampled. In particular, differences in demographic history between the Jalisco and Balsas regions may account for our observed differences in diversity, the frequency spectrum of polymorphism, and linkage disequilibrium.
Jalisco populations had relatively low levels of nucleotide variation, highly variable Tajima's D's, and higher linkage disequilibrium, all of which may reflect the action of random genetic drift during a population bottleneck. This scenario appears to be plausible in light of evidence suggesting that Jalisco populations have been recently founded from glacial refugia in the Balsas Valley (Buckler et al. 2006) . In addition to reducing overall variation, a population bottleneck is expected to cause a shift in the frequency spectrum of segregating polymorphisms because rare variants are lost from populations at a higher rate than common variants. Depending on the composition of the ancestral population and the timing of the bottleneck, episodes of drift can result in an excess of either high-or low-frequency variants . This pattern was evident in the Jalisco region where subpopulation-specific frequency spectra were often strongly skewed, as indicated by positive and negative D values. On the basis of our analysis, we cannot rule out the possibility that low rates of gene flow among differentiated Jalisco subpopulations contribute to the high variance in D and high levels of linkage disequilibrium; however, it does not appear that patterns of gene flow lead to a consistent direction of skew in the frequency spectra within subpopulations.
Unlike Jalisco populations, Balsas subpoplations tended to have high levels of nucleotide variation, consistently negative Tajima's D's, and low linkage disequilibrium, all of which were comparable to species-wide estimates. Given that Balsas populations exhibited little genetic differentiation from one another and that estimates of population genetic parameters from individual subpopulations did not differ significantly from that of species-wide samples, it seems unlikely that population structure can account for these results. Instead, our tests for population size changes from LAMARC and from two other statistical tests (F s and R 2 ) suggest recent population growth, which could be responsible for the excess of rare variants in Balsas subpopulations. These results, along with comparatively low linkage disequilibrium, also argue against recent bottlenecks or admixture as causes of skewed frequency spectra.
Species-wide samples of diversity from Arabidopsis thaliana (Schmid et al. 2005) , Populus tremula (Ingvarsson 2005) , and nondomesticated Helianthus annuus (Liu and Burke 2006) are also characterized by an excess of rare variants. In A. thaliana, this skew has been suggested to be the result of population expansion (Innan and Stephan 2000; Kuittinen and Aguadé 2000) . More recent analyses have shown that the skew in the frequency spectrum may be more pronounced for nonsynonymous compared to synonymous sites, suggesting that both demographic events and purifying selection contribute to the excess of rare variants (Nordborg et al. 2005) . Our results similarly indicate that rare variants were significantly more common for nonsynonymous sites relative to synonymous sites and that this pattern did not differ between the geographic regions (supplemental Figure 1 at http://www.genetics.org/supplemental/). Although purifying selection may contribute to a pattern of polymorphism, it does not appear to explain differences in frequency spectra between the Jalisco and Balsas regions.
Conclusions: We found that the importance of population structure to nucleotide diversity within parviglumis is dependent upon the geographic region that is sampled. In contrast to the Jalisco region, Balsas subpopulations harbored an excess of rare variants, similar to species-wide samples. Given that maize appears to have been domesticated from parviglumis populations growing in the Balsas region (Doebley 1990; Matsuoka et al. 2002) , species-wide samples may provide accurate estimates of levels and patterns of diversity in the progenitor population of maize. Species-wide samples are also likely to be appropriate for characterizing the effects of domestication on nucleotide diversity (e.g., Hilton and Gaut 1998; Tenaillon et al. 2004 ) and the effects of artificial selection on individual genes (Wang et al. 1999; Whitt et al. 2002; Yamasaki et al. 2005) , as well as for conducting genomewide scans to identify genes that evolved in response to artificial selection during domestication .
Although species-wide samples may be useful for understanding aspects of maize domestication, surveys sampling multiple subpopulations may provide a more complete view of the processes shaping sequence variation. In addition to population subdivision and neutral evolutionary processes alone, patterns of sequence variation may be influenced by geographically variable selection. In the case of adaptive differentiation, a signature of selection at the molecular level may be undetectable when sampling across populations with different evolutionary histories. Local adaptation is remarkably common in plants (reviewed in Linhart and Grant 1996) , and patterns of selection frequently differ among populations and over environmental gradients (Endler 1977 (Endler , 1986 , suggesting that a geographic perspective on molecular population genetic studies may be necessary for understanding the role of demographic and selective factors in shaping nucleotide diversity.
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